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Abstract
5HVHDUFKHV DLP WR VLJQLILFDQWO\ LQFUHDVH WKH RSHUDWLRQDO SURSHUWLHV RI WKH ZRRG PDWHULDOV ZLWKRXW FRPSURPLVLQJ RQ WKHLU
HQYLURQPHQWDOVLJQLILFDQFH7KHSRVVLELOLW\RILPSOHPHQWLQJDIXQGDPHQWDOO\QHZDSSURDFKLQYROYLQJILOOLQJWKHIUHHVSDFHLQWKH
ZRRGILEHUVWUXFWXUHZLWKVXFKPLQHUDO ILOOHUSDUWLFOHVDVQDQRVL]HGEDVDOW LVVKRZQ7KHUHVHDUFKIRFXVHVRQVROYLQJSUREOHPV
FRQFHUQHGZLWK WKH RSWLPDO TXDQWLWDWLYH UDWLR VHOHFWLRQ IRU WKH ILQHPLQHUDO FRPSRQHQWV RIZRRG FRPSRVLWHZRUNLQJ RXW WKH
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FRPSOH[ XVH RI WKLV PDWHULDO LQ FRQVWUXFWLRQ LV DVVRFLDWHG ZLWK WKH RSWLPDO FRPELQDWLRQ RI VXFK SURSHUWLHV DV
KDUGQHVV ZHDU UHVLVWDQFH VWUHQJWK GHIRUPDELOLW\ HODVWLFLW\ DFRXVWLF UHVLVWDQFH ORZ WKHUPDO FRQGXFWLYLW\ DQG
RWKHUV ,QDGGLWLRQ WKH UHODWLYHO\TXLFN UHQHZDELOLW\DVRQHRI WKH VLJQLILFDQWDGYDQWDJHVRI WKHGLVFXVVHGZRRGHQ
UDZPDWHULDO VKRXOG EHPHQWLRQHG > @+RZHYHU WKHUH DUH VRPH GLVDGYDQWDJHV RI ZRRG HJ VXVFHSWLELOLW\ WR
URWWLQJIODPPDELOLW\K\JURVFRSLFLW\VL]HKXPLGLW\GHSHQGHQFHZDUSLQJDQGFUDFNLQJODUJHO\OLPLWLQJWKHUDQJH
RIRSHUDWLRQDOSURSHUWLHV HVSHFLDOO\ZKLOHXVLQJ LQH[WUHPHFOLPDWLFFRQGLWLRQV7KHUHIRUH WKH UHVHDUFKHV¶DLP WR
LQFUHDVH VLJQLILFDQWO\ WKH ZRRGPDWHULDO RSHUDWLRQDO SURSHUWLHV ZLWKRXW UHGXFLQJ LWV HQYLURQPHQWDO LPSRUWDQFH LV
HVSHFLDOO\ UHOHYDQW )RU H[DPSOH D VLJQLILFDQWO\ LQFUHDVHG UHVLVWDQFH OHYHO RI ZRRG H[SRVHG WR H[WUHPH










5HLQIRUFLQJDZRRGPDWUL[ZLWKQDQRVL]HGSDUWLFOHVRIPLQHUDO ILOOHU LV WKHRUHWLFDOO\EDVHGRQ WKH IDFW WKDW WKH
ZRRGPDWHULDOKDVDILEHUVWUXFWXUHFDSDEOHRIVZHOOLQJLQWKHZDWHUPHGLXP,WLVNQRZQWKDWWKHGHJUHHDQGUDWHRI
ZRRG ILEHU VZHOOLQJ FRXOG EH DGMXVWHG E\ FKDQJLQJ WKH S+ EDODQFH RI WKH GLVSHUVLRQ PHGLXP DQG WKH H[WHUQDO
FRQGLWLRQV LQIOXHQFLQJ LW WHPSHUDWXUHSUHVVXUHPHFKDQLFDO IDFWRUV >@7KHUHIRUHZKLOHFKDQJLQJ WKHJHRPHWULF
GLPHQVLRQVRIWKHZRRGPDWUL[LQWKHDTXHRXVQDQRVL]HGILOOHUVXVSHQVLRQILOOLQJWKHLQQHUFDYLW\OXPHQFHOOZDOO
SRUHV DQG VXEPLFURVFRSLF FDSLOODULHV RI WKHZRRG ILEHU ILEULOODU VWUXFWXUHZLWK WKHPLQHUDO GLVSHUVHG SKDVH FRXOG
RFFXUVSRQWDQHRXVO\GXHWRWKHFDSLOODU\IRUFHVDQGRVPRWLFSUHVVXUH
7KH UHVHDUFK DLPV WR VROYH SUREOHPV UHODWHGZLWK VHOHFWLQJ DQ RSWLPDO TXDQWLWDWLYH UDWLR RI WKH ILQH GLVSHUVHG





2. Materials and Methods
2.1. Materials
























QDQRVL]HG EDVDOW ILOOHU DQG WKHQ YLJRURXVO\ PHFKDQLFDOO\ VWLUUHG IRU  PLQXWHV $IWHU WKDW UHLQIRUFHG ZRRG
SDUWLFOHVZHUHVHSDUDWHGIURPWKHEDVDOWVXVSHQVLRQXVLQJWKHJULGVFHOOVL]HEHLQJPLFURQ
6WXG\LQJ ZRRG PLFURSDUWLFOHV VZHOOLQJ KDG IROORZLQJ VWDJHV )LUVW DIWHU PHFKDQLFDO JULQGLQJ VHSDUDWHG
DEVROXWHO\GU\DQGKLJKO\GLVSHUVHGZRRGIUDFWLRQZDVSXW LQWRWKHFRQWDLQHU ILOOHGZLWKGLVWLOOHGZDWHU7KHQ WKH
VXVSHQVLRQZDVH[SRVHGWRFRQVWDQWVWLUULQJE\DPDJQHWLFVWLUUHUDQGDIWHUWKHSUHVFULEHGSHULRGRIWLPHWKHDYHUDJH




XVLQJ WKH VFDQQLQJHOHFWURQPLFURVFRSHDW WKH6KDUHG8VHRI(TXLSPHQW&HQWHU³$UNWLND´ LQ1$U)8QDPHGDIWHU
09/RPRQRVRY7KHSKRWRJUDSKVRIWKHVXUIDFHVZHUHREWDLQHGE\WKHPLFURVFRSH6,*0$93=(,66
+\GURSK\VLFDOSURSHUW\ZDWHUDEVRUSWLRQRIWKHSURGXFHGFRPSRVLWHZDVGHWHUPLQHGE\PHDVXULQJWKHFKDQJH
LQPDVVRI WKHVROLGSKDVHRIPLFURGLVSHUVHGZRRG WUHDWHGZLWKEDVDOWDQGVHSDUDWHGRXW IURPWKH VXVSHQVLRQ WKH
H[SHULPHQWHGVDPSOHVKDYLQJEHHQSUHFXUHGLQWKHGU\LQJRYHQDWDWHPSHUDWXUHRI&XSWRWKHFRQVWDQWZHLJKW















WKHLUPDVVZDVPHDVXUHG7HVWLQJ RI WKH VDPSOHVZDV FDUULHG RXWZKLOH VPROGHULQJ 3DUDPHWHUV XQGHU FRQWUROOHG
ZHUHLQLWLDOYDOXH7DQGWKHILQDOYDOXH7PLQRIWKHOLJKWWUDQVPLVVLRQFRHIILFLHQWLQWKHPHDVXULQJFKDPEHUWKH
ZD\RI WKH OLJKWEHDPIURPWKHVRXUFH WRUHFHLYHU / ,Q WKHFDVH7PLQYDOXHVZKHUHRXWRI WKHUDQJH WKH OLJKW
WUDQVPLVVLRQ LQWHQVLW\ ZDV UHJXODWHG E\ YDU\LQJ WKH YDOXH RI / 6PRNH HPLVVLRQ FRHIILFLHQW 'P PNJ ZDV
FDOFXODWHGE\WKHIRUPXOD










3. Results and Discussion 
7KHPLQHUDO DQG ZRRG UDZ PDWHULDO JULQGLQJ SDUDPHWHUV ZHUH ZRUNHG RXW H[SHULPHQWDOO\ 5DQJLQJ RI QDQR
GLVSHUVHGEDVDOWSDUWLFOHVE\VL]HZDVDVVKRZQLQ)LJ7KHDYHUDJHVL]HRIKLJKO\GLVSHUVHGEDVDOWLVQP
ZLWKDVDWLVIDFWRU\SRO\GLVSHUVLW\LQGH[
7KH UDQJLQJ UHVXOWVRI WKH VDZGXVWJULQGHG WR WKHXOWUDGLVSHUVHGVWDWHZHUHDV VKRZQ LQ)LJXUH7KHDYHUDJH
SDUWLFOH VL]H LV PP0RUHRYHU WKHUH ZDV D VPDOO DPRXQW RI WKH GLVSHUVHG IUDFWLRQ LQ WKH YROXPH RI WKH
KLJKO\GLVSHUVHGZRRGSDUWLFOHV
,W VKRXOG EH QRWHG WKDW WKH GHYHORSHGPHWKRGV RI JULQGLQJ DOORZ WR JHW UHSURGXFLEOH UHVXOWV DFFRUGLQJ WR WKH
GLPHQVLRQDOFKDUDFWHULVWLFVRIWKHSDUWLFOHVRIPLQHUDODQGYHJHWDOUDZPDWHULDOVDPSOHVXVHG
7RGHWHUPLQHWKHH[SRVXUHWLPHRIWKHVXVSHQVLRQVROLGSKDVHFRQWDLQLQJKLJKO\GLVSHUVHGZRRGSDUWLFOHVEHIRUH
LQWURGXFLQJ EDVDOW QDQRSDUWLFOHV DQG WR DFKLHYH WKH PD[LPXP HIIHFW RI ILOOLQJ WKH ZRRG SRUH VSDFH UHVHDUFK RQ
PLFURSDUWLFOHVVZHOOLQJZDVFDUULHGRXW7KHH[SHULPHQWGHPRQVWUDWHGZDWHUWRSHQHWUDWHHDVLO\WKHSRUHVRIKLJKO\
GLVSHUVHGZRRGSDUWLFOHVSURGXFHGE\WKHPHFKDQLFDOGLVSHUJDWLRQ7KHUHIRUHWKHGHQVLW\RIWKHSDUWLFOHVLQFUHDVHV
WKH VHGLPHQWDWLRQ RFFXUV WKH GLPHQVLRQDO FKDUDFWHULVWLFV RI WKH SDUWLFOHV LQFUHDVLQJ&KDQJLQJ RI WKH VROLG SKDVH
GLPHQVLRQDOFKDUDFWHULVWLFVVWRSVDIWHUPLQRIH[SHULPHQWLQJ7KHH[SHULPHQWVPDGHLWSRVVLEOHWRFDOFXODWHWKH
YROXPHWULFZRRGSDUWLFOHV VZHOOLQJ FRHIILFLHQW .S ZKDW FRUUHODWHV JRRG HQRXJKZLWKGDWDSXEOLVKHGE\
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